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HIGHLIGHTS 


►  Silicon  and  Nitinol  powder  mixture  was  milled  by  high-energy  mechanical  milling. 

►  High-energy  mechanical  milling  results  formation  of  nanocomposite  Silicon/Nitinol. 

►  Coin  cell  cross  sectional  microstructure  presented  after  cycling. 

►  Prominent  electrochemical  properties  obtained  due  to  nanocomposite  structure. 

►  10-h  milled  nanocomposite  exhibit  stable  capacity  of  553  mAh  g  1  after  52nd  cycle. 
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Nanocrystalline  Silicon  (Si)  embedded  Ni— Ti  composite  anode  materials  are  synthesized  by  using  two- 
stage  high-energy  mechanical  milling  (HEMM).  The  overall  composition  of  the  Si  and  NiTi  (Nitinol) 
powders  are  65  at.%  and  35  at.%.  The  effects  of  crystal  size,  crystal  structure,  and  microstructure  on  the 
electrochemical  properties  of  the  nanocomposite  powders  are  examined  through  X-ray  diffraction, 
scanning  electron  microscopy,  high-resolution  transmission  electron  microscopy,  electrochemical  test 
and  nano-indentation  test.  The  capacities  of  the  coin  cells  produced  with  the  6  and  10  h  milled  powders 
are  711  and  553  mAh  g_1,  respectively,  after  the  52nd  cycle.  The  efficiencies  of  the  coin  cells  produced 
with  the  6  and  10  h  milled  powders  continue  to  maintain  97.2  and  97.5%,  respectively,  until  52nd  cycle. 
Coin  cells  produced  with  10  h  milled  powders  show  relatively  low  capacity  fading,  which  are  attributed 
to  the  nanocomposite  structure  comprised  of  Si  nanocrystals  embedded  into  amorphous  Ni— Ti  matrix 
phase.  Coin  cell  of  10  h  milled  powders  reveals  the  reduced  number  of  voids.  Therefore,  it  is  believed  that 
Si  embedded  Ni— Ti  nanocomposite  using  a  two-stage  high  energy  mechanical  milling  can  be  a  promising 
candidate  for  high  performance  Si  based  anode  materials. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  rechargeable  batteries  have  attracted  more  atten¬ 
tion  than  other  rechargeable  batteries  because  of  their  superior 
performances  such  as  higher  energy  density,  higher  operating 
voltages,  and  lower  self-discharge,  and  because  they  are  cost 
effective  and  safe  [1-4].  Li-ion  rechargeable  batteries  are  widely 
used  in  the  communications,  electric  vehicle  (EV),  and  power 
storage  sectors  because  these  advantages  can  be  readily  exploited. 
Lithium  easily  reacts  with  several  metals  such  as  Sn,  Sb,  Al,  Si,  Pt, 
Ag,  Zn,  Cd,  and  Mg  [5,6].  Among  these  metals,  Si  is  the  candidate 
with  the  most  potential  for  application  as  an  anode  material 
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because  of  the  high  theoretical  capacity  of  Si  (LL^Si: 
4200  mAh  g_1)  [4,7-11]  and  because  it  is  inexpensive.  Although  Si 
is  a  potential  candidate  as  an  anode  material,  it  unfortunately  un¬ 
dergoes  severe  changes  in  volume  (~400%)  during  lithiation  and 
delithiation,  which  results  in  pulverization  of  Si  anode  materials 
and  leads  to  loss  of  electrical  contact  between  the  active  material 
and  current  collector;  hence,  its  capacity  fading  is  severe  [12-14]. 
Several  Si-composite  materials  have  been  developed  to  solve  these 
problems  [15-22].  It  has  been  reported  that  mechanical  milling  is 
effective  to  the  formation  of  Si-nanocomposite  structures,  exhib¬ 
iting  excellent  cyclability  without  severe  cracking  [23-26].  In  the 
case  of  silicon  as  an  electrochemically  active  material,  higher  ca¬ 
pacities  can  be  achieved  while  affording  the  utilization  of  the 
inactive  matrix.  Such  a  nanocomposite  could  allow  for  more  effi¬ 
cient  cyclability  in  a  composite  anode.  This  technology  concept  has 
been  realized  in  systems  such  as  Si/TiN,  Si/TiB2,  Si/SiC  and  Sn/C 
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[27-29].  In  particular,  when  the  inactive  phase  was  pre-milled  and 
then  again  milled  with  Si,  anodes  made  from  the  powder  thus 
obtained  showed  better  capacity  retention  than  anodes  containing 
a  non-milled  inactive  phase  [30],  which  was  due  to  the  smaller 
particle  size  of  the  inactive  matrix,  uniform  distribution  of  stress 
throughout  the  electrode.  However,  in  case  that  the  matrix  phase  is 
exceedingly  strong,  Si  crystals  can  be  broken,  which  lead  to  the 
serious  capacity  fading.  Therefore,  it  is  necessary  to  find  out  the 
inactive  matrix  materials  with  ability  to  compensate  the  stress 
induced  by  Si  volume  expansion.  Currently,  some  researchers  has 
been  tried  to  utilize  super-elastic  Nickel-Titanium  (NiTi)  alloy 
(nitinol)  [31]  as  inactive  matrix  phase  by  using  various  methods 
such  as  melt-spinning  and  thin  film  deposition  [32-34].  They 
expected  that  the  super-elastic  matrix  could  accommodate  the 
stress  driven  by  Si  volume  changes  during  charging  and  discharg¬ 
ing.  In  present  work,  we  investigate  the  possibility  that  Si  embed¬ 
ded  nanocomposite  structure  (Si/NiTi)  can  be  synthesized  by  using 
high  energy  mechanical  milling  (HEMM)  process,  which  is  favor¬ 
able  to  large  scale  production  [23,24].  At  first  we  prepared  sub¬ 
micrometer  sized  Si  powders  from  the  first  stage  of  mechanical 
milling  and  then  the  active  Si  is  milled  with  NiTi  alloy  powders 
produced  by  gas  atomization  (in  second  stage-HEMM). 

This  study  covers  the  crystal  structure  changes  and  Si  distribu¬ 
tion  in  Ni-Ti  matrix  and  their  electrochemical  properties. 

2.  Experimental 

2.1.  Material  preparation 

Si/(NiTi)  nanocomposite  powder  was  prepared  using  a  Simo- 
loyer  CM01  (Zoz  GmbH,  Germany)  HEMM  system,  which  was 
controlled  using  MALTOZ-software.  The  nanocomposite  powder 
was  prepared  in  two  steps:  (1)  Commercially  obtained  Si  powder 
(average  particle  size:  <40  pm,  98%  purity)  was  milled  for  12  h;  (2) 
the  milled  Si  powder  from  step  (1)  was  mixed  with  NiTi  alloy 
powder  produced  by  gas  atomization  (average  particle  size: 
<60  pm,  99%  purity)  in  a  ratio  of  65  at.%  Si  and  35  at.%  NiTi.  This 
mixture  is  termed  “as-mixed  powder”.  Samples  of  the  as-mixed 
powder  were  milled  for  either  6  or  10  h  to  form  two  Si/(NiTi) 
nanocomposite  phases.  The  entire  milling  process  was  performed 
at  room  temperature  in  a  firmly  sealed  hardened  vial  and  under 
a  completely  inert  ambient  atmosphere  to  eliminate  oxidation. 
Yttrium-stabilized  zirconia  (YSZ)  balls  were  used  as  the  milling 
media,  and  the  ball-to-powder  weight  ratio  was  maintained  at 
30:1.  Stearic  acid  (5  wt%)  was  used  as  a  process  controlling  agent 
(PCA),  and  the  rotation  speed  of  impeller  was  800  rpm. 

2.2.  Characterization  of  materials 

Phase  analysis  was  performed  using  X-ray  diffraction  (XRD) 
with  Cu-Ka  radiation  (A  =  1.5418  A)  operating  at  8  kW  and  step  size 
is  0.02°  from  20  to  80°  in  the  26  range.  Field-emission  scanning 
electron  microscopy  (FE-SEM)  and  high-resolution  transmission 
electron  microscopy  (HR-TEM)  were  used  to  observe  cross-sections 
of  the  milled  powders  and  the  coin  cells  produced  with  them.  In 
particular,  the  cross-section  of  the  coin  cell  was  prepared  by  ion¬ 
milling  after  the  extraction  of  Li-ion,  and  the  anode  plate  was 
taken  out  in  the  glove  box  filled  with  Ar  gas.  To  compare  me¬ 
chanical  behavior  between  Si  and  Si/(Ni — Ti),  nano-indentation  test 
(Fischer,  HM2000XYP)  for  obtaining  hardness,  elastic  modulus  and 
elastic  strain  were  performed.  Vickers  diamond  indenter  was 
employed.  The  modulus  and  hardness  was  measured  at  load  of 
30  mN.  All  the  obtained  data  were  calibrated  using  a  fused  silica 
reference.  For  the  preparation  of  test  specimen,  Si/(Ni — Ti)  powders 
were  mixed  with  acrylic  powder  and  then  pressed  at  200  °C  and 


then  cooled  to  room  temperature.  The  test  specimen  was  shown  in 
the  schematic  diagram  Fig.  1. 

2.3.  Electrochemical  tests 

For  the  electrochemical  evaluation,  the  milled  Si/(NiTi)  elec¬ 
trodes  were  prepared  by  coating  Cu  substrates  with  a  slurry  con¬ 
taining  the  following  materials  dissolved  in  N-methyl-2- 
pyrrolidinone  (NMP):  the  active  material  (80  wt%),  SFG6  graphite 
(10  wt%),  Ketjenblack®  (2  wt%)  as  a  conductive  agent,  and 
polyamide-imide  (PAI,  8  wt%)  as  a  binder  material.  The  electrodes 
were  pressed  and  dried  under  vacuum  at  350  °C  for  1  h.  They  were 
then  cut  into  14-mm-diameter  discs.  Coin-type  electrochemical 
cells  were  assembled  in  an  Ar-filled  glove  box.  Celgard®  2400  was 
used  as  the  separator,  Li  foil  was  used  as  both  the  counter  and 
reference  electrodes,  and  a  1-M  solution  of  LiPF6  (lithium  hexa- 
fluorophosphate)  dissolved  in  a  mixture  of  ethylene  carbonate  (EC)/ 
diethyl  carbonate  (DEC)/fluoroethylene  carbonate  (FEC)  (5:70:25 
by  volume)  was  used  as  the  electrolyte.  Charge/discharge  mea¬ 
surements  (TOSCAT-3100,  Toyo  System  Co.,  Ltd.)  for  the  composite 
anodes  were  performed  when  constant  current  (CC)  is  applied  over 
a  voltage  range  of  0.01  and  1.5  V  (constant  current  density  of 
2.5  mA  cm-2)  at  0.1  and  0.2  C-rate  for  first  and  second  cycles 
respectively,  and  1.0  C-rate  from  third  cycle. 

3.  Results  and  discussion 

3.2.  Evolution  of  composite  structures 

X-ray  diffraction  patterns  for  the  pure  Si,  pure  NiTi,  and  Si/(NiTi) 
composite  powders  are  presented  in  Fig.  2.  The  intensities  of  the  Si 
diffraction  peaks  (Fig.  2(a))  reduce  with  increasing  milling  time, 
which  indicates  pulverization  of  the  Si  powders  during  mechanical 
milling.  The  diffraction  pattern  for  pure  NiTi  powder  is  presented  in 
Fig.  2(b).  The  diffraction  patterns  for  the  Si/(NiTi)  composite  pow¬ 
ders  obtained  after  various  milling  times  are  shown  in  Fig.  2(c).  In 
the  6  h  milled  composite  powders,  the  peaks  inside  the  rings 
indicate  that  the  crystalline  NiTi  phase  transforms  into  the  nano¬ 
crystalline  and  amorphous  phase.  In  particular,  the  10  h  milled 
composite  powders,  the  amorphization  is  continued  to  proceed. 
Accordingly,  the  Si  diffraction  peaks  are  not  changed  significantly 
with  increasing  milling  time  and  instead  NiTi  (Nitinol)  peaks  are 
abruptly  broaden  and  their  intensities  are  decreased,  which  in¬ 
dicates  the  phase  transition  from  crystalline  NiTi  to 
(nanocrystalline  +  amorphous)  Ni-Ti.  From  the  XRD  results,  no 
significant  contamination  relevant  peaks  were  observed  due  to  YSZ 
balls  (milling  media)  and  PCA. 

Si/(  Ni-Ti) 


Fig.  1.  Schematic  illustration  for  preparation  of  Si/(Ni — Ti)  nano-indentation  test 
specimen. 
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Fig.  2.  XRD  patterns  obtained  from  powders  milled  for  various  milling  times,  (a)  Pure 
Si  powder  (step  (1)),  (b)  pure  NiTi  powder  and  (c)  Si/(NiTi)  composite  powder 
(step  (2)). 


As  shown  in  cross-sectional  SEM  (back  scattered  electron)  im¬ 
ages  (Fig.  3),  composite  structures  mixed  with  Si  and  NiTi  powders 
are  obtained.  The  black  and  gray  regions  are  distinguished  as  Si  and 
NiTi  phases,  respectively.  A  more  random  distribution  of  phases  is 
obtained  in  the  10  h  milled  powders  than  in  the  6  h  milled  powders. 

TEM  (and  HR-TEM)  analysis  are  performed  for  the  composite 
powders,  as  shown  in  Fig.  4.  The  gray  and  black  irregular  shaped 
phases  in  the  6  h  milled  powders  (Fig.  4(a))  are  observed,  which  are 
identified  as  nanocrystalline  Si  and  NiTi  phases  respectively  from 
the  ring  patterns  of  points  P-1  and  P-2  (inserted  in  the  micrograph). 
In  addition,  the  high-resolution  image  (Fig.  4(b)),  reveals  inter 
planar  distance  of  nanocrystals,  which  confirms  Si  (0.32  nm)  and 
NiTi  (0.21  nm)  by  comparing  to  the  theoretical  values  (0.312  and 
0.214  nm,  respectively)  from  the  Joint  Committee  for  Powder  Dif¬ 
fraction  Standards  (JCPDS)  data.  Consequently,  it  is  difficult  to 
obtain  homogeneous  nanocomposite  structures  comprised  of 
nano-Si  and  NiTi  phases  in  the  6  h  milled  powders.  Fig.  4(c)  shows 
the  micrograph  of  the  10  h  milled  powders.  Comparing  to  6  h 
milled  powders,  relatively  homogeneous  structures  are  obtained,  in 
which  nanosized  Si  crystals  seem  to  be  embedded  into  the  Ni-Ti 
phase.  From  diffraction  spots  and  diffused  ring  pattern  which  is 
inserted  in  Fig.  4(c),  it  is  expected  that  most  of  the  phases  in  10  h 
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Fig.  3.  Cross-sectional  SEM  images  of  Si/(NiTi)  composite  powders  milled  for  (a)  6  h 
and  (b)  10  h. 


milled  powders  are  comprised  of  nanocrystalline  and  amorphous 
phases.  In  particular,  the  high-resolution  image  (Fig.  4(d))  evidently 
shows  that  most  of  the  phases  are  comprised  of  amorphous  Ni-Ti 
phase  including  nanocrystalline  Si  and  small  amount  of  NiTi  pha¬ 
ses,  which  is  consistent  with  the  XRD  results.  Initially  NiTi  powder 
comprised  of  intermetallic  phase  would  be  severely  deformed 
depending  on  milling  time.  Depending  on  milling  time,  the  inter¬ 
metallic  compound  can  be  transformed  into  nanocrystalline  and 
amorphous  phase  [35,36]. 

3.2.  Electrochemical  performance 

The  electrochemical  characteristics  of  coin  cell  obtained  with 
the  6  and  10  h  milled  composite  powders  are  evaluated,  charging 
(lithiation)  and  discharging  (delithiation)  curves  of  6  and  10  h 
milled  powders  are  shown  in  Fig.  5(a)  and  (b)  respectively.  Voltage 
profiles  of  both  powders  are  similar.  The  charging  curves  in  both  6 
and  10  h  powders  are  overlapped  except  first  cycle.  In  particular, 
10  h  milled  powders  exhibit  no  significant  changes  with  respect  to 
cycle  number  in  discharging  curves  except  for  first  cycle.  In 
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Fig.  4.  (HR)  TEM  images  and  ring  patterns  for  Si/(NiTi)  nanocomposite  powders  milled 
for  6  h  (a,  b)  and  10  h  (c,  d). 

addition,  we  can  observe  a  shift  in  discharge  potential  plateau  from 
the  first  cycle  to  the  third  cycle  in  both  6  and  10  h  milled  powders, 
which  could  be  related  to  the  silicon  phase  transformation  from  the 
crystalline  to  the  amorphous  during  the  first  discharge  [37-40].  In 
6  h  milled  powders,  the  charging  and  discharging  capacities  of  first 


Fig.  4.  ( continued ). 


cycle  are  1397  and  1106  mAh  g-1,  thus  the  coulombic  efficiency  is 
79.2%.  Similarly  first  cycle  charging  and  discharging  capacities  of 
10  h  milled  powders  are  1056  and  729  mAh  g-1  (coulombic  effi¬ 
ciency  is  69%).  The  first  cycle  irreversible  capacity  loss  is  about 
~21%  and  ~31%  in  6  and  10  h  milled  powders  respectively.  It  is 
well  known  that  the  first  cycle  irreversible  capacity  loss  would  be 
due  to  formation  of  a  solid  electrolyte  interface  (SEI). 

Discharge  capacities  and  coulombic  efficiencies  as  a  function  of 
cycle  number  are  shown  in  Fig.  5(c).  In  case  of  6  h,  discharge  ca¬ 
pacities  at  1st,  3rd,  and  52nd  cycles  are  1106,  1031,  and 
711  mAh  g-1,  respectively.  In  case  of  10  h,  discharge  capacities  after 
the  1st,  3rd,  and  52nd  cycles  are  729,  669,  and  553  mAh  g-1, 
respectively.  Longer  milling  time  reduces  initial  capacity  and  en¬ 
hances  the  capacity  retention  (cyclic  stability).  The  first  cycle  cou¬ 
lombic  efficiencies  (C/D  efficiencies)  for  6  and  10  h  milled  powders 
are  79.2%  and  69%  respectively.  The  C/D  efficiencies  abruptly 
increase  until  the  10th  cycle  and  are  saturated  to  97.2  (6  h)  and 
97.5%  (10  h),  respectively.  In  spite  of  the  capacity  difference 
depending  on  milling  time,  no  noteworthy  difference  in  the  effi¬ 
ciency  is  observed. 
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Cycle  number 

Fig.  5.  Charging/discharging  curves  and  cycling  performances  of  Si/(NiTi)  nano¬ 
composite  powders  milled  for  6  h  and  10  h;  (a,  b)  charging/discharging  curves  and  (c) 
discharge  capacity  and  coulombic  efficiency  as  a  function  of  cycle  number. 


It  has  been  reported  that  the  Si  crystals  can  be  encompassed  by 
inactive  and  less  active  phases  with  increasing  milling  time,  leading 
to  the  reduced  phase  fraction  of  the  active  Si  and  degraded  initial 
capacity  [27,28,30].  As  discussed  in  the  XRD  results  (Fig.  2(c))  and 
(HR)  TEM  images  (Fig.  4),  nanocrystalline  Si  are  isolated  by  inactive 
Ni-Ti  phase.  Consequently,  the  reduced  initial  capacities  are 
believed  to  be  due  to  not  only  SEI  formation  but  also  the  active  Si 
encompassed  by  inactive  Ni-Ti  phase. 

Capacity  retention  in  case  of  10  h  is  prominent  comparing  to 
that  of  6  h,  which  is  expected  to  be  related  with  nanocomposite 
structure  comprised  of  Si  and  Ni-Ti  phase.  Longer  milling  is 
desirable  to  provide  random  distribution  of  constituent  phases  as 
shown  in  SEM  (Fig.  3)  and  TEM  (Fig.  4)  images.  In  addition,  the 
capacity  retention  is  closely  related  with  active  Si  crystal  size.  Based 


on  TEM  micrograph,  Si  crystals  are  smaller  in  10  h  milled  powders. 
Moreover,  it  has  been  reported  that  smaller  particles  can  reduce  the 
electronic  and  ionic  transport  distances  and  decrease  the  stress 
induced  by  inhomogeneous  Li  diffusion  [28,41].  Therefore,  10  h 
milled  powders  are  satisfied  with  two  factors  for  enhancement  of 
capacity  retention;  homogeneous  nanocomposite  structure  and 
active  Si  crystal  size  effect. 

In  order  to  elucidate  the  enhanced  capacity  retention  during 
lithiation  and  delithiation,  the  cross  sections  of  coin  cells  are 
observed  as  shown  in  Fig.  6.  The  cross  section  of  coin  cell  (25th 
cycle)  with  6  h  milled  powders  exhibits  significant  number  of 
nanovoids  and  the  voids  are  larger.  In  case  of  10  h,  nanovoids  in  the 
coin  cell  (52nd  cycle)  are  relatively  lesser  and  smaller  in  size.  The 
finding  of  nanovoids  in  the  coin  cell  cross  section  has  rarely  been 
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Fig.  6.  Cross-sectional  SEM  images  and  EDS  spectrum  of  coin  cell  obtained  at  specific 
milling  time  and  cycle  conditions,  (a)  6  h  -  25th  cycle  and  (b)  10  h  -  52nd  cycle. 
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reported.  The  energy-dispersive  X-ray  spectroscopy  (EDS)  point 
analysis  indicates  that  the  white  region  in  the  6  h  milled  composite 
powder  is  the  NiTi  phase  (the  corresponding  EDS  spectrum  is 
shown  in  Fig.  6(a)).  Hence,  the  gray  region  is  the  active-Si  phase. 
The  nanovoids  are  obviously  only  observed  in  active  phase,  not  in 
inactive  phase,  irrespective  of  milling  time.  In  particular,  nanovoids 
tend  to  initiate  at  active-inactive  phase  boundaries  and  continue  to 
propagate  toward  active  Si  phase,  which  indicates  lithium-ion  can 
diffuse  in  and  out  by  way  of  active  Si/(Ni— Ti)  matrix  interface. 
Based  on  the  cross  sectional  micrographs  of  coin  cells,  it  is  believed 
that  the  formation  of  nanovoids  is  due  to  volume  changes  differ¬ 
ence  between  Si  and  matrix  phase  during  lithium-ion  extraction.  As 
discussed  in  the  SEM  and  HR-TEM  analysis,  the  distribution  of  Si 
nanocrystals  and  Ni-Ti  phase  becomes  more  random  with 
increasing  milling  time.  Since  the  Si  particles  are  large  and  the 
distribution  of  both  the  Si  and  NiTi  phases  are  relatively  inhomo¬ 
geneous  in  the  6  h  milled  powder,  a  significant  number  of  nano¬ 
voids  can  form  during  lithiation  and  delithiation  despite  the  effect 
of  the  super-elastic  NiTi  matrix.  Hence,  fewer  nanovoids  are 
observed  in  the  10  h  milled  powder  (Fig.  6(b))  compare  to  6  h 
milled  powder.  In  addition,  we  suppose  that  the  smaller  Si  crystals 
can  reduce  the  magnitude  of  the  stress  and  strain  concentration  at 
the  interface  of  Si/(Ni — Ti)  during  lithiation  and  delithiation.  This 
result  suggests  that  smaller  Si  crystals  embedded  into  nano¬ 
composite  structures  are  effective  in  reducing  volume  changes 
during  lithiation  and  the  nanovoids  can  affect  electrochemical 
properties.  In  view  of  nanovoid  formation,  it  is  reasonable  that  at 
least  10  h  mechanical  milling  is  necessary  in  order  to  restrain  the 
number  and  size  of  nanovoids  during  cycling. 

Differential  capacity  plots  (DCPs)  corresponding  to  the  coin  cells 
of  Si/(NiTi)  nanocomposites  of  6  and  10  h  milled  powders  are 
shown  in  Fig.  7.  Pure  Si  shows  two  peaks  at  0.38  V  and  0.56  V 


Fig.  7.  Differential  capacity  plots  (DCPs)  of  3rd,  30th,  and  52nd  cycles  for  coin  cells 
produced  with  (a)  6  h  and  (b)  10  h  milled  Si/(NiTi)  nanocomposite  powders. 


Fig.  8.  Loading  and  unloading  curves  of  Si  wafer  and  Si/(Ni — Ti)  obtained  from  nano¬ 
indentation  test  at  a  loading  rate  of  1.5  mN  s-1. 

[17,42,43],  which  are  in  accordance  with  the  values  of  0.36  V  and 
0.5  V  in  coin  cells  produced  by  6  and  10  h  milling,  indicating  de¬ 
alloying  during  discharging  in  the  third  cycle.  During  charging, 
the  peak  observed  at  0.24  and  0.28  V  indicates  the  alloying  of  Li+ 
with  Si  below  0.3  V  [44].  After  the  30th  and  52nd  cycles,  the  peaks 
slightly  shift  and  broaden.  In  particular,  the  peaks  are  seriously 
broaden  in  10  h  milled  powders.  Since  the  broadened  peaks 
attribute  to  the  conversion  of  crystalline  Si  to  amorphous  Li-Si 
phase  during  lithiation  [45,46],  smaller  Si  crystals  are  desirable  to 
obtain  enhanced  capacity  retention. 

3.3.  Nano -indentation  test 

Fig.  8  shows  the  nano-indentation  test  results  for  Si  wafer  (Si 
wafer  is  assumed  as  active  Si)  and  Si/(Ni — Ti)  (milled  for  10  h). 
Hardness  and  elastic  modulus  of  Si  and  Si/(Ni — Ti)  are  7.9,  77.4  GPa 
and  2.9,  18.4  GPa,  respectively.  Elastic  strain  range  of  Si/(Ni — Ti)  is 
significantly  larger  compared  to  Si.  For  example,  the  indentation 
depth  of  the  Si  is  ~460  nm  at  30  mN  of  the  load  and  then  is 
recovered  to  ~244  nm  at  unloaded  (0  mN)  state.  However  the 
indentation  depth  of  Si/(Ni — Ti)  is  ~896  nm  at  the  same  load  and 
recovered  to  ~337  nm  at  unloaded  state.  In  addition,  considering 
the  area  (defined  by  dashed  lines  in  Fig.  8),  recoverable  energy 
(elastic  strain  energy)  of  Si/(Ni — Ti)  is  approximately  2.58  times 
higher  than  that  of  Si  at  the  same  loading  and  unloading  conditions. 
This  result  indicates  that  (Ni-Ti)  composite  phase  has  the  capa¬ 
bility  to  accommodate  elastically  the  stress  generated  by  Si 
expansion  during  lithiation.  After  10  h  milling  we  obtained  Ni-Ti 
amorphous  matrix  instead  of  crystalline  NiTi  (Nitinol)  matrix. 
Despite,  the  Ni-Ti  amorphous  matrix  shows  significant  elastic 
characteristics.  Consequently,  we  have  succeeded  highly  elastic 
nanocomposite  structure  comprised  of  the  amorphous  Ni-Ti  ma¬ 
trix  and  randomly  dispersed  Si  nanocrystals. 

We  can  deduce  that  the  factors  ascribed  to  stable  capacity  are 
the  presence  of  nanocrystalline  Si,  an  effective  amorphous  Ni-Ti 
matrix  which  has  high  elastic  nature  (which  can  act  as  a  buffer  to 
accommodate  the  changes  in  Si  volume  during  lithiation  and 
delithiation),  limited  number  of  nanovoids,  and  randomly  dis¬ 
tributed  nanocomposite  structures. 

4.  Conclusions 

In  this  study,  nanocomposite  Si/(Ni — Ti)  powders  comprised  of 
active  Si  crystals  embedded  into  an  inactive  Ni-Ti  matrix  phase 
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were  produced  using  a  two-stage  HEMM.  Discharge  capacity  pro¬ 
files  revealed  that  the  coin  cell  produced  with  the  10  h  milled 
composite  powder  exhibited  a  cycling  capacity  of  about 
553  mAh  g-1  after  the  52nd  cycle  and  better  capacity  retention 
than  the  coin  cycle  produced  with  the  6  h  milled  powder.  The 
coulombic  efficiencies  after  10th  cycle  were  97.2  and  97.5%  for  the 
coin  cells  produced  with  the  6  and  10  h  milled  powders,  respec¬ 
tively.  The  initial  capacity  decreases  with  increasing  milling  time 
because  of  the  formation  of  SEI  and  encompassment  of  active  Si  by 
the  Ni-Ti  phase.  The  cross-sectional  images  of  the  coin  cells 
revealed  nanovoids,  which  are  closely  related  with  capacity 
retention  and  changes  in  Si  volume  during  lithiation  and  delithia- 
tion.  Fewer  nanovoids  existed  in  the  10  h  milled  powders  than  in 
the  6  h  milled  powders,  which  indicated  the  presence  of  Si  nano¬ 
crystals  and  the  effective  distribution  of  the  Si  nanocrystals 
throughout  the  amorphous  Ni-Ti  matrix.  Therefore,  it  is  believed 
that  the  prominent  electrochemical  properties  of  the  nano¬ 
composite  Si/(Ni— Ti)  powders  are  attributed  to  the  nanocomposite 
structure  comprised  of  Si  nanocrystals  and  the  buffering  of  the 
amorphous  Ni-Ti  phase.  These  results  suggest  that  the  Si/(Ni — Ti) 
nanocomposite  is  a  very  promising  system  for  lithium-ion  anode 
material  in  view  of  high  capacity  and  stable  cycle  performance. 
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